T cell receptor (TCR) binding to agonist peptide major histocompatibility complex (pMHC) triggers signaling events that initiate T cell responses. This system is remarkably sensitive, requiring only a few binding events to successfully activate a cellular response. On average, activating pMHC ligands exhibit mean dwell times of at least a few seconds when bound to the TCR. However, a T cell accumulates pMHC-TCR interactions as a stochastic series of discrete, single-molecule binding events whose individual dwell times are broadly distributed. With activation occurring in response to only a handful of such binding events, individual cells are unlikely to experience the average binding time. Here, we mapped the ensemble of pMHC-TCR binding events in space and time while simultaneously monitoring cellular activation. Our findings revealed that T cell activation hinges on rare, long-dwell time binding events that are an order of magnitude longer than the average agonist pMHC-TCR dwell time. Furthermore, we observed that short pMHC-TCR binding events that were spatially correlated and temporally sequential led to cellular activation. These observations indicate that T cell antigen discrimination likely occurs by sensing the tail end of the pMHC-TCR binding dwell time distribution rather than its average properties.
INTRODUCTION
Antigen discrimination by T cells is the front line of the adaptive immune response. During surveillance, T cell receptors (TCRs) discriminate agonist peptide major histocompatibility complex (pMHC) ligands from self pMHCs on antigen-presenting cells (APCs) to mount an immune response against foreign pathogens while avoiding autoimmunity. T cells are capable of distinguishing between ligands with subtly different binding kinetics (1, 2) and, remarkably, do this with nearly single-molecule sensitivity (3, 4) . The biochemical pathways involved in T cell activation have been extensively characterized (5, 6) . However, essentially, all current understanding about the TCR signaling system is based on population-averaged information.
For example, the hallmark difference between activating and nonactivating pMHC ligands is the average binding dwell time between pMHC and TCR (2, 7) . However, this conclusion comes from experiments that correlate population measurements of pMHC-TCR binding kinetics to cellular activity readouts, such as intracellular calcium flux or cytokine production, on populations of cells (1) . The connection between the stochastic sequence of individual pMHC-TCR binding events that each cell experiences and the specific molecular response of that cell is lost in such population-level measurements. This is especially notable in the case of T cell antigen recognition, because only a handful of individual pMHC-TCR binding events lead to each cellular decision (3, 4, 8) . Even under identical conditions, each cell will experience a different sequence of binding events, and the sample average from this small set can differ markedly from the overall average for all pMHC-TCR binding events. How a single T cell responds to individual molecular binding events and how these are integrated into the decision to activate are not understood.
In this study, we used an assay in which the series of pMHC-TCR binding events on an individual T cell were mapped in space and time while simultaneously monitoring the cellular decision to activate. The experimental platform was built off a method of directly imaging the binding events between pMHC and TCR on live T cells activated on a supported membrane (9) (10) (11) (12) . Key to this strategy is the unambiguous resolution of pMHC-TCR binding events themselves, rather than the mere presence of a ligand (3, 4) , which is only loosely related to actual binding events due to stochastic variation and active modulation of the T cell-APC interface (10) . Here, we used this platform to simultaneously visualize the activation state of individual T cells using the transcription factor NFAT (nuclear factor of activated T cells), which undergoes nuclear translocation in response to early activation of calcium signaling (13) . NFAT translocation provides a rapid and easily resolved readout of the decision-making outcome that can be monitored in parallel with single-molecule pMHC-TCR imaging (10) . We here refer to this mapping between the sequence of individual pMHC-TCR binding events and NFAT translocation as a molecular impulse-response function, in analogy to electronic signal processing (14) (15) (16) .
We performed a series of experiments on primary mouse T cells (AND TCR transgenic) at various pMHC ligand densities and TCR affinities (e.g., different mean pMHC-TCR binding dwell times: <t off > = 1/k off ). The results indicated that T cells neither count the number of pMHC-TCR binding events nor integrate the cumulative pMHC-TCR binding duration, or dwell time. Instead, T cells responded disproportionately to rare, long-dwelling binding events that can be an order of magnitude longer than the mean. We also observed that rare cells that activated in response to low densities of weak agonist pMHC experienced an unusual spatiotemporal correlation of short pMHC-TCR binding events. Short-lived binding events that formed a temporal sequence within a limited spatial neighborhood were apparently summed by the cell and produced a response resembling a single, long-dwelling event. The extended sequence in time was important, because a burst of simultaneous binding events in the same location failed to activate cells. Overall, these results revealed that TCR signaling was tuned to respond to the tail end of the pMHC-TCR binding dwell time distribution, rather than its average properties. Thus, although at the population level, T cell activation may be correlated with mean pMHC-TCR binding dwell times of a few seconds, this does not imply that TCR signaling is tuned to the same set point of binding duration. This realization has consequences both in the context of natural antigen discrimination and in the design of synthetic T cell activators.
RESULTS

Mapping individual molecular binding events to the cellular decision to activate
Here, we used single-molecule imaging to track the individual pMHC-TCR binding events experienced by a T cell and simultaneously monitored cellular activation (9, 10) . In these experiments, peripheral CD4 + T cells that expressed a transgenic TCR (AND) were transduced with an NFAT-fluorescent protein (FP) reporter. T cells were then exposed to supported lipid bilayers functionalized with histidine-tagged intercellular adhesion molecule-1 (ICAM-1) and MHC class II (IE k ) loaded with peptide (pMHC), which were linked to the membrane through interactions with Ni 2+ -chelating lipids (17) . Agonist peptides were site-specifically labeled with a single organic dye by a maleimidethiol linkage, which was confirmed by high-performance liquid chromatography. Although most of the measurements were made using peptides conjugated with Atto647N, the behavior of peptides labeled with alternate fluorophores was identical ( fig. S1, A and B) . These data confirmed that there were no detectable dye-specific interactions between the ligand and the supported membrane. The pMHC class II molecules used here diffused freely and remained monomeric on the supported membrane, which was experimentally verified by single-step photobleaching observations (9) . Although MHC class I clusters on APCs (18) (19) (20) (21) (22) , whether multiple pMHC class II loaded with the same antigen cluster on APCs remains controversial (23) (24) (25) . In these studies, we focused on unclustered pMHC class II.
After exposure of live cells to the functionalized supported membranes, the interaction of leukocyte function-associated antigen 1 (LFA-1) and ICAM-1 initiated T cell spreading. These interactions facilitated formation of an essentially planar junction between individual T cells and the supported membrane (Fig. 1A) , which functioned as a synthetic APC (Fig. 1B) . Initial spreading was followed by pMHC binding to TCRs at the T cell-APC interface. All experiments were performed at 37°C.
Individual pMHC molecules were visualized by total internal reflection fluorescence (TIRF) microscopy ( Fig. 1, A and B) . All pMHC molecules could be resolved using short exposure times (20 ms) and high laser illumination intensity (2.5 mW/cm 2 , Fig. 1C ). The motion of individual molecules, under the cell and on free bilayers, was tracked using streaming acquisitions. In the absence of a T cell, pMHCs on the bilayer underwent simple Brownian motion, which was well described by a unimodal step-size distribution (Fig. 1, D and E). After T cell landing, some pMHC molecules bound TCR to form pMHC-TCR complexes. These bound complexes were detectable in the step-size distribution, which became bimodal with a fast-moving population (corresponding to free pMHC ligands) and another population with slowed mobility (corresponding to pMHC-TCR complexes; Fig. 1 , D and E) (9) .
The bound pMHC-TCR complexes were conveniently discriminated from free pMHC ligands using long exposure times (500 ms) and low laser illumination intensity (0.1 mW/cm 2 ), maintaining an equivalent energy dosage per exposure (Fig. 1, C and F, and fig. S1 , A to E). Under these imaging conditions, fast-moving, free pMHC were blurred out, and only the TCR-bound pMHC-TCR complexes were detected as discrete puncta. Artifact signals would be produced where pMHC molecules were immobilized in defects in the supported bilayer. We measured the density of these artifacts in each experiment by examining bilayer regions outside the cell-contact zone where pMHC-TCR binding could not occur. Typical artifact densities in these experiments were 0.0017 ± 0.0014 mm −2 , which compared with measured pMHC-TCR binding event densities of 0.12 ± 0.033 mm −2 , which indicated that~98% of observed events were genuine pMHC-TCR complexes (Fig. 1G) . We note that this high precision in bound complex detection required extreme attention to detail in the formation of the supported membrane (9, 17) . Further confirmation that the slowed complexes were indeed pMHC bound to TCR on the T cell was provided by control experiments using a null pMHC, which was incapable of binding TCR and did not exhibit slowed pMHC-TCR complexes ( fig. S1E ).
The pMHC-TCR binding dwell time, as well as any spatial transport of the complex, could be resolved using the low power, long exposure strategy (Fig. 1F) . We confirmed that these pMHC-TCR complexes are single molecules by single-step intensity loss observations and molecular brightness (Fig. 1 , H and I) (9) . We found that the molecular binding kinetics of the pMHC-TCR interactions examined here were long (mean dwell times in seconds to tens of seconds, depending on the peptide). These dwell times were too long to be resolved by streaming imaging because the mean time to photobleach under those conditions was less than 2 s (Fig. 1J) . The long-exposure method discriminated bound pMHC-TCR in each image and thus allowed imaging exposures to be spaced as needed to accommodate the molecular binding kinetics (Fig. 1, C and K) . Using a delay time between 500-ms exposures of 10 s, the mean time to photobleach was 573 ± 187 s. For most of the experiments described here, individual pMHC-TCR complexes were typically spaced micrometers apart within the T cell-supported membrane interface; thus, complexes could be unambiguously tracked from frame to frame. We note that pMHC-TCR complexes moved under directed motion [by coupling to the retrograde flow of the cytoskeleton (26) (27) (28) ] at the average velocity of~0.2 mm/s, and this movement was tracked as well. Ligand densities of 0.1 to 2 molecules/mm 2 (see Materials and Methods for density estimate calculation; fig. S2 ) were near the physiological agonist pMHC densities on APCs (29) (30) (31) (32) (33) . This density range was at least an order of magnitude below the regime where stable pMHC-TCR microclusters were formed; instead, single pMHC-TCR molecular complexes predominated (28, (34) (35) (36) (37) (38) (39) (40) (41) (42) . Overall, the combination of long bleach time and spatially isolated pMHC-TCR complexes enabled accurate measurement of pMHC-TCR binding dwell times for all pMHC studied here (Fig. 1K) .
The biochemical signaling pathways downstream of triggered TCRs are well understood (5, 6) . Although many issues concerning the quantitative features of TCR signaling remain unresolved, the basic sequence of events is known ( Fig. 2A) . In the standard view, TCR recognition of pMHC stimulates Lck-mediated phosphorylation, which initiates the recruitment and phosphorylation of the kinase ZAP-70 (zeta chain-associated protein kinase 70). Subsequently, ZAP-70 phosphorylates the scaffold protein, linker for the activation of T cells (LAT) (43, 44) , required for the formation of large-scale assemblies with adaptor protein Grb2 (growth factor receptor-bound protein 2) and guanine nucleotide exchange factor SOS (45) (46) (47) (48) . These LAT:Grb2:SOS assemblies, which have also been identified as phase-separated protein condensates (46) (47) (48) (49) (50) , promote activation of the guanosine triphosphatase Ras and MAPK (mitogen-activated protein kinase) signaling (51, 52) . LAT assemblies also recruit the enzyme phospholipase C-g to generate inositol 1,4,5-triphosphate and diacylglycerol, which initiates calcium flux and the sequential activation of calmodulin and calcineurin (53) . Calcium signaling is an early T cell response that results in the translocation of the transcription factor NFAT to the nucleus, which coordinates with the AP1 (activating protein 1) transcription factor complex to drive interleukin-2 (IL-2) production (13, 54, 55) . To monitor single-cell decision-making in response to pMHC-TCR binding event sequences (Fig. 2B) , we retrovirally transduced the primary T cells with a truncated, fluorescent proteintagged NFAT sensor (54) , which undergoes nuclear translocation Step size (µm) Within the lipid bilayer, freely mobile pMHC (bold arrows) experience rapid diffusion, whereas TCR-ligated pMHC (small arrows) have reduced mobility (B). (C) pMHC-TCR binding events were detected either using short exposure times and high-power intensity by streaming acquisition (no delay time between frame) (cyan) or using long exposure times and low-power intensity at matched energy input after a delay time (green). (D) Single pMHC trajectories observed using short exposure times and high-power intensity microscopy imaging of the T cell contact site (dashed line) and supported membrane. The trajectories (n > 100) are representative of at least three independent experiments. Scale bar, 3 mm. (E)
Step-size distribution of single MCC pMHC molecules shows bimodal mobility under a T cell (cyan) and unimodal mobility on the free supported membrane (gray).
Step sizes were calculated for all steps in >4000 trajectories from three independent experiments. in response to TCR ligation ( Fig. 2C and movie S1). In this study, we focused on the relationship between pMHC-TCR binding event sequences and NFAT translocation, which we here refer to as the molecular impulse-response function.
In these experiments, the binding of pMHC and TCR was measured beginning from the initial contact between the T cell and the functionalized supported bilayer. T cell landing and the formation of a large interfacial contact were detected over time using reflection interference contrast microscopy (RICM) ( Fig. 2C ; movie S1; and fig. S3, A and B). Single-molecule pMHC-TCR TIRF images were acquired at the same time as epifluorescence images of NFAT sensor distribution ( Fig. 2C and movie S1), as described (54) . At a focal depth of 3 to 6 mm above the supported membrane-live cell interface, we could clearly visualize both the cytoplasmic and nuclear NFAT pools (Fig. 2 , C and D, and fig. S4 ). We found that T cells that received activating signals initiated nuclear translocation of NFAT within 3 to 5 min, independent of reporter abundance (Fig. 2 , C and E, and fig. S4 ). NFAT translocation preceded spatial segregation of pMHC-TCR and ICAM-1-LFA-1 at the intermembrane junction ( fig. S3A ), as expected (56) . For the purposes of this study, activation was defined as the time of the first detection of NFAT nuclear localization, which was accomplished here with a 30-s temporal resolution (Fig. 2C ). T cells continued to accumulate pMHC-TCR binding events after NFAT translocation (Fig. 2C ), and these additional binding events may be required to sustain calcium signaling (57) . For each cell, the molecular impulse-response assay recorded pMHC-TCR binding events leading up to and beyond NFAT translocation. In the following analyses, we restricted our focus to the initial translocation of NFAT.
Although photobleaching was minimized with the staggered, long-exposure imaging methods, it could not be ignored. Some pMHC would be photobleached before binding TCR. On the basis of measured bleaching rates, we calculated the number of such unseen events to be no more than 40% in any of the experiments, and often much lower than that. Because photobleaching events accumulated over time, these bleaching limits represented the maximum number of bleached pMHC at the end of the experiment. During the primary course of signaling early on, far fewer binding events were missed. We performed a detailed analysis of photobleaching probabilities as a function of time for the different experimental conditions ( fig. S5 ).
Constructing the pMHC-TCR binding event sequence
As a first step, we mapped the sequence of pMHC-TCR binding events and their dwell times leading up to NFAT translocation. The initial time and location of each pMHC-TCR binding event was detected, and the bound complexes were tracked through time (Fig. 3A) . In parallel, NFAT nuclear translocation was monitored to detect the time at which activation occurred (marked by the arrow in Fig. 3A ). These data could be distilled into the sequence and duration of binding events (Fig. 3B ).
Experiments were performed with a panel of AND TCR-specific agonist peptide ligands of varying TCR affinities and correspondingly different potency with respect to IL-2 secretion (1, 10, 58). For all pMHC-TCR combinations, the distributions of observed in situ dwell times were reasonably well described by a single exponential (Fig. 3, C and D, and fig. S6 ), indicative of first-order dissociation kinetics. The mean molecular binding dwell times (<t off >) were calculated using rates extracted from a mathematical fit of the experimental data and calibrated for photobleaching and ranged from 9.6 to 47.5 s. These data are generally consistent with the known in vitro pMHC-TCR binding kinetics of these peptide ligands (1) . However, because the imaging methods used here established a temporal detection window that excludes the shortest dwell events (t off < 500 ms), data fit analysis was essential since the average of measurements will not reflect the true average. Peptide strength was further characterized based on the NFAT activation threshold from the average pMHC density that resulted in activation of half of the cells in the population after 20 min of exposure to the supported membrane (Fig. 3D) . The data confirmed that NFAT activation thresholds correlated inversely with the mean pMHC dwell times (Fig. 3, C and D) , as expected (10) .
The mean binding dwell time between MCC [Moth cytochrome C 88-103 peptide (MCC 88-103 )] pMHC and AND TCR (47.5 s) is more than an order of magnitude longer than the mean dwell time correlated with activation (2, 7). Thus, MCC pMHC is an exceptionally strong ligand that enabled exploration of the response of the TCR signaling system to extremely long dwell times. The binding kinetics of the T102S pMHC used here (<t off > = 9.6 s), may be more representative of physiological ligands (2, 7). Specifically, the naturally originated 5c.c7 recombinant TCR binding to its MCC pMHC ligand (<t off > = 7.2 s) is quite similar to AND TCR binding to T102S pMHC (9, 10) . We note that the only difference between AND and 5c.c7 TCRs are modifications in the hypervariable pMHC binding site, leading to the altered kinetics to MCC pMHC (59, 60) . In the subsequent sections, the behaviors of the strong agonist MCC pMHC and the weak agonist T102S pMHC were compared, covering a range of fivefold difference in affinity. Results for the moderate agonist K3 pMHC are provided in the Supplementary Materials.
Separating activating and nonactivating binding event sequences
For a population of T cells, all interacting with the same pMHC/ ICAM-1 membrane, each cell experienced a unique sequence of pMHC-TCR binding events ( fig. S7, A and B) . At pMHC densities equal to or below the threshold activation density, some cells could experience binding event sequences leading to activation, whereas the others failed to activate. Here, we compared activating and nonactivating binding event sequences to examine on what basis the cellular decision to activate was made (Fig. 4, A and B, and fig. S8, A to D) .
The simplest activation models suggest that T cells either count the number of pMHC-TCR binding events or integrate their dwell times (61, 62) . We tested these hypotheses in the following experiments by comparing cell behavior under three different conditions: MCC pMHC at threshold activation density, T102S pMHC at threshold density, and T102S at low density. Under each of the conditions used, strict control over pMHC presentation in supported membranes, monitored by direct single-molecule pMHC counting, confirmed that cells were exposed to the specified average ligand density ( fig. S8A ). Individual cells sampled random variations in density, such as those expected for pMHC class II on the surface of an APC (29) (30) (31) . Cells at low T102S pMHC density took longer to translocate NFAT than those at threshold densities of either MCC or T102S pMHCs ( fig. S8D ).
The number of pMHC-TCR binding events before NFAT translocation for activating binding sequences was compiled (Fig. 4A and  fig. S8B ). At their threshold densities, more T102S pMHC binding events were observed in activating cells than MCC binding events. 
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This result was expected because the threshold density of T102S pMHC was higher than that of MCC pMHC (Fig. 3D and fig. S2 ), and the kinetic on-rate (k on ) for different pMHCs were similar (10) . At low T102S density,~5% of the total number of T cells were still able to activate. These rare cells, by random chance, may have experienced more pMHC-TCR binding events than average and thus resemble cells exposed to the higher threshold T102S pMHC density. However, the data indicated that, at low T102S pMHC density, T cells that activated NFAT accumulated fewer pMHC-TCR binding events than those at threshold T102S pMHC density (Fig. 4A) .
Analysis of the total integrated pMHC binding dwell time indicated that, at threshold densities of MCC and T102S pMHC, T cell activation required a total binding time of~1100 s, irrespective of peptide affinity (Fig. 4B and fig. S8C ). Although these data may suggest that total pMHC dwell time may be the defining parameter on which cellular activation is based, T cell activation at low T102S pMHC density indicated otherwise. We found that, when T cells activate NFAT in response to low T102S density, they exhibit nearly half the cumulative dwell time (648 ± 110 s) as T cells stimulated with threshold density peptide (Fig. 4B) . Furthermore, cells that failed to activate at threshold densities were capable of reaching similar integrated dwell times ( fig. S8C ). In addition, the rate of dwell time accumulation for T cells that activated NFAT at low T102S density was indistinguishable from that of cells that did not activate ( fig. S9 ). Thus, it was clear that neither integrated binding time nor rate of binding time accumulation was the activation set point.
The integrated total number of binding events and dwell time values were independent of fluorescent labels for the peptide ligand and NFAT ( fig. S10 ). Signal integration from binding inputs was diminished by inhibiting Lck, resulting in cells that accumulated signals at a slower rate and activated with a lower probability ( fig. S11, A to E) . In the presence of the costimulatory ligand CD80, cells that activated NFAT experienced a decrease in the time to activation, accumulated binding events, and cumulative dwell time ( fig. S12) . Because neither the cumulative binding events nor integral dwell time correlated with T cell activation, the rare, activating cells were either tuned differently than the average T cells in these populations, or there were other features in the sequences of binding events that determine activation.
Correlated binding events activate T cells stimulated with weak agonist
We hypothesized that T cell activation, particularly for rare, activating cells at low T102S pMHC density, may result from coordination of pMHC-TCR inputs in both space and time. In terms of a molecular mechanism, this amounted to multiple short pMHC-TCR binding events that were sufficiently close in space forming a temporal sequence, contributing to the same localized intracellular signaling reaction, thus resembling a longer binding event. Spatial manipulation of pMHC-TCR binding events can alter phosphorylation levels of membrane proximal proteins and downstream calcium responses (27, 63) . In addition, temporal modulation of binding events by mechanically controlling the contact between pMHC and TCR in a micropipette assay demonstrates that input frequency may influence calcium flux (64, 65) . As a first approach to test this hypothesis, we measured the nearest-neighbor distances between binding events in the single-cell activating sequences.
We analyzed the spatial pair distribution of pMHC-TCR binding events that occurred within 30 s of each other on T cells that did or did not activate NFAT (Fig. 5, A to H) . At threshold densities of pMHC, we found that the spatial correlation of pMHC binding was grossly similar regardless of NFAT activation status (Fig. 5, C, D, F, and G) . However, for the rare T cells that activated NFAT in response to low T102S pMHC density, we found that 90% of the binding events occurred within 2 mm and 30 s of another binding event (Fig. 5H) . In contrast, for binding events on T cells that did not activate NFAT in response to low T102S pMHC density, there was a lower frequency (68%) of nearest-neighbor pMHC binding events within the same space and time (Fig. 5H ). This spatiotemporal correlation was not found when binding events occurred simultaneously, suggesting that coupling inputs must occur over time (Fig. 5, C to E, and fig. S13 ). In other words, short pMHC-TCR binding events must occur sequentially to be summed by the cell. Simultaneous binding events occurring near to each other in space appeared not to be added.
We explored the spatiotemporal correlation of binding events more closely by examining how multiple short binding events may be stitched into one, apparently long-lived event. In this ad hoc correlation analysis, individual pMHC-TCR binding events were linked into an effective correlated track if a new binding event occurred The number of pMHC-TCR binding events (A) and their total dwell time (B) that T cells accumulated at the time of initial NFAT activation. Cells were exposed to distinct input densities with different NFAT activation probabilities: 32% at threshold T102S pMHC density (blue), 41% at threshold MCC density (red), and 5% at low T102S density (dark blue). Scatterplot of single-cell values after correction for events that are not directly observed with population means (black) ± SD (gray) and estimated population distributions (right) from 11 cells from five experiments (Threshold MCC), 15 cells from seven experiments (Threshold T102S), or 7 cells from three experiments (Low T102S).
within both the spatial neighborhood and the temporal window of an existing binding event (Fig. 6A) . We defined the spatial neighborhood as a region within a specified radial distance around the location of the pMHC-TCR complex and the temporal window as a time interval from the current position of the pMHC-TCR complex to some later time in the input accumulation period. Uncorrelated tracks were unaffected by this filtering. A 30-s temporal window was selected on the basis of the observation that 30 s was the shortest time window in which spatiotemporal coupling was detected ( Fig. 5H and fig. S13 ).
At low T102S pMHC density, when T cells activated NFAT, we found that new binding events exhibited a high probability of occurring close within space and time to an existing event (Fig. 6B) . If these events indeed feed into the same localized signaling reaction, then the result could resemble long-dwelling MCC pMHC binding inputs in terms of mean dwell time (Fig. 6C and fig. S14, A to C) . Furthermore, our analysis indicated that, in response to low T102S pMHC density, T cells that activated NFAT accumulated between two and nine correlated pMHC tracks, whereas T cells that did not activate NFAT experienced zero to three correlated pMHC tracks (figs. S15 and S16A). At threshold conditions, T cells activating NFAT had more correlated tracks than T cells that did not activate, and all cells exposed to T102S pMHC had more spatiotemporally correlated pMHC tracks than those exposed to MCC (figs. S15 and S16B). Further analysis found that, after linking pMHC tracks within 2 mm and 30 s, all activating cells collected the same number of total effective inputs, irrespective of pMHC affinity (Fig. 6D) . Together, our data indicated that sustained input, consisting of either a single long-dwelling binding event or a sequence of spatially correlated events, was important for T cell activation ( fig. S17 ).
DISCUSSION
The experiments reported here constitute an effort to map the specific sequence of individual pMHC binding events experienced by a T cell to that cell's decision to activate. Our data revealed that the molecular threshold for activating a T cell was apparently set to a longer average pMHC-TCR binding dwell time than predicted by population-averaged experiments. Effectively, T cells seemed to respond to the tail end of long-lived pMHC-TCR binding interactions [ Fig. 6C and fig. S14 (A to C)], exhibiting a disproportionate sensitivity to binding events lasting at least an order of magnitude longer than the population average activation threshold of 3 s (2, 7). In addition, we observed that a sequence of short pMHC-TCR binding events that were sufficiently close in space and time mimicked long-dwelling events in terms of the cellular response. For a physiological agonist pMHC with a mean dwell time typically of a few seconds, the probability that an individual pMHC-TCR binding event lasted for tens of seconds was vanishingly low (Fig. 2, C and D, and fig. S6 , see Materials and Methods for detailed calculation). Thus, the spatiotemporal correlation between a series of short binding events could have a prominent influence on T cell activation under both physiological and disease conditions. The fact that no such summation was observed for simultaneous binding events occurring near each other in space further underscores the importance of sustained pMHC-TCR signal in the cellular decision to activate.
There are possible alternate interpretations of the results that we describe here. For example, it may be that the rate of pMHC-TCR binding event accumulation determines T cell activation. However, we found that the rate of pMHC-TCR dwell time accumulation for cells that activate NFAT in response to low T102S pMHC density was indistinguishable from cells that did not active NFAT at threshold densities ( fig. S9 ), which suggests that the rate of binding time accumulation was not a defining characteristic of activating cells. It is also possible that short pMHC-TCR binding events (t off « 3 s), which were not detected here, provide an invisible contribution to T cell behavior. Single-molecule tracking (11) studies suggest that T cell activation may correlate with accelerated pMHC-TCR unbinding kinetics in a similar system. Although this superficially seems to contrast the long dwell times reported here, as acknowledged in the tracking study, the fast photobleaching rates used may prevent observation of long-lived pMHC-TCR complexes. Similarly, in the FRET study, it remains unclear whether the loss of FRET signal between pMHC and TCR represents complete unbinding or whether this may correspond to an alternative structural configuration of the bound complex. Such a complex might be predicted on the basis of recent studies of mechanically stimulated TCR activation (66) . Nonetheless, it is possible that there is a rapidly unbinding pMHC-TCR species, not observed in the present study, that participates in signaling. However, the short-lived ER60 pMHC ligand fails to activate T cells at any density (10, 67) . Thus, longer dwelling events are at least a requirement. For the long binding MCC pMHC (<t off > = 47.5 s), a substantial fraction of all pMHC under the T cell are bound as long-lived species, which suggests that there cannot be many unseen short binding events. Ultimate resolution of this issue will require more advanced imaging strategies to establish a broader temporal window to capture a more complete picture of all pMHC-TCR binding events experienced by the cell.
Signal integration from multiple ligands may promote the assembly of the LAT signalosome. LAT is phosphorylated on multiple tyrosine sites by ZAP-70, which is activated by ligated TCR (43, 44) . Phosphorylated tyrosine sites on LAT allow Grb2 binding, which in turn recruits SOS, which can lead to a networked assembly of LAT:Grb2: SOS by a gelation or liquid-phase transition mechanism (46, 51) . These LAT assemblies elongate Grb2 and SOS interaction times, and it has been speculated that this dynamic modulation could increase the probability of full SOS activation and provide a type of kinetic proofreading mechanism governing downstream activation of Ras by SOS (47) . The LAT signalosome assembly process resembles a phase transition and exhibits an extreme nonlinearity with respect to the degree of LAT phosphorylation. As a consequence, LAT assembly may be sensitive to spatiotemporally correlated pMHC-TCR binding events.
The distinct pMHC-TCR binding events observed in these experiments almost certainly involve different TCRs, in light of the vast excess of TCR on the T cell surface over pMHC within the supported membranes. Similarly, it is likely that different pMHCs are involved as well because, once unbound, pMHC rapidly diffuse away. This suggests that the integration of multiple binding events by the same TCR, such as the input accumulation sequence predicted by the serial rebinding model (62) and other related models (68, 69) , is unlikely to occur in these experiments. Some physical confinement of both TCR and pMHC would be required for such repeated engagements to occur. Although such confinement is conceivable under some physiological conditions, the findings that we report here suggest that confinement is not necessary. Even a pMHC-TCR pair with particularly fast k on , which would be more prone to serial engagements of TCR in a spatially correlated manner, is still likely to bind different TCR due to the excess of TCRs in our system. We found that the binding events between different TCR and pMHC ligands could be integrated within the cell when these events form a temporal sequence close in space. We suggest that the molecular memory of spatiotemporally correlated pMHC binding events may be recorded in the phosphorylation state of local LAT molecules and assemblies. Correlated tracks were coupled given coincidence within a neighborhood (yellow disc) and a 30-s time window (purple square region) and require one trajectory to be initiated during that window. Trajectories satisfying these criteria were combined into an effective correlated track (N C ) and displayed within a cluster on the two-dimensional projection of accumulated tracks (yellow). Trajectories that did not satisfy the criteria were considered noncorrelated tracks (N NC ) (gray). (B) Representative spatiotemporal correlation of a cell that translocated NFAT (left) and one that did not (right) at low T102S pMHC density. Raw correlated tracks (colored) and noncorrelated (gray) pMHC-TCR trajectories were from the analysis of the data in Fig. 4. (C) The mean dwell time of cells that activated NFAT on threshold MCC pMHC density (red), threshold T102S density (blue), and low T102S pMHC density (dark blue) before and after spatiotemporal correlation (light and dark shades, respectively) is from the analysis of the data in Fig. 4. (D) Number of effective inputs after spatiotemporal correlation analysis of the data from Fig. 4 as a function of neighborhood radius.
There is a practical need to understand detailed molecular mechanisms underlying T cell activation. Directing the T cell response for tumor clearance is a core element of cancer immunotherapy, which presents great therapeutic promise as well as challenges (70, 71) . The insights we have described here may be informative in the development of therapeutic agents to mobilize T cell activation. Current bispecific antibodies such as ertumaxomab, blinatumomab, and EGFRBi induce responses by cross-linking a TCR and a ligand on an apposed cell, such as the surface receptors HER2, CD19, or endothelial growth factor receptor, respectively (72) (73) (74) . Antibody-based agents typically bind targets with nanomolar affinity, which is an order of magnitude stronger than that of the physiological pMHC-TCR interactions (1, 75) . The results presented here suggest that weaker bispecific antibodies may be more effective T cell activators if they are present at a high enough density to enable correlated binding event sequences. Alternatively, extremely strong binders might be active at exceptionally low densities. The methods that we have described here offer a new spectrum of possibilities to examine the individual molecular events underlying signaling in living cells.
MATERIALS AND METHODS
Protein purification
Histidine-tagged MHC class II I-E K and ICAM-1 were expressed and purified as previously described (17) . MHC II with C-terminal hexahistidine tags on both a and b chains were expressed using a baculovirus expression system in S2 cells and purified using a Ni-nitrilotriacetic acid (NTA) agarose column (Qiagen). The histidine-tagged MHC bacmid (76, 77) was a gift of L. Teyton (Scripps Research Institute) and M. Davis (Stanford University). The bacmid for ICAM-1 with a C-terminal decahistidine was synthesized, and it was similarly expressed and purified in High Five cells (Invitrogen) (17) .
DNA constructs
A plasmid containing a GFP fusion to the regulatory domain of the murine NFAT1 (NFATc2) protein in a murine stem cell virus vector (54) was a gift of F. Marangoni (Harvard Medical School). This truncated form of NFAT1 [pMSCV-NFAT1(1-460)-GFP] contains the regulatory domain that controls the nucleocytoplasmic shuttling of NFAT but lacks the DNA binding domain. A second version of the plasmid was generated to replace the GFP coding sequence with mCherry.
Peptide synthesis and labeling
Moth cytochrome C 88-103 peptide (MCC 88-103 ; abbreviated as MCC) and previously characterized variants (12, 78) were synthesized and lyophilized on campus (D. King, Howard Hughes Medical Institute Mass Spectrometry Laboratory at University of California, Berkeley) or commercially (Elim Biopharmaceuticals, Hayward, CA). A short flexible linker of three amino acids and terminal cysteine was added to the C terminus for fluorophore labeling. The sequences are as follows: MCC (ANERADLIAYLKQATK), MCC(C) (ANERADLIAYLKQATKGGSC), K3 (ANERADLIAYPKAATKF), K3(C) (ANERADLIAYPK-AATKFGGSC), T102S (ANERADLIAYLKQASK), T102S(C) (ANERA-DLIAYLKQASKGGSC), and Null(C) (ANERAELIAYLTQAAKGGSC).
For dye conjugation, the cysteine-containing peptide sequences were reacted with the maleimide-containing organic fluorophore of interest (Atto647N, Atto565, or Atto488; Atto-Tec GmbH, Siegen, Germany) in phosphate-buffered saline (PBS) with a trace amount of 1-propanol, as previously described (9) . The labeled peptides were purified using a H 2 O/acetonitrile gradient on a C 18 reverse-phase column (Grace Vydac, Deerfield, IL) in the AKTA Explorer 100 FPLC system (Amersham Pharmacia Biotech, Piscataway, NJ). Mass spectrometry was used to confirm the peptide identity after purification.
T cell culture and transduction CD4 + T cells from the lymph nodes and spleens of 6-to 20-week-old AND × B10.BR transgenic mice (Jackson Laboratory) were stimulated with MCC peptide in vitro, as described (9, 36) . All animal work was performed with prior approval by Lawrence Berkeley National Laboratory Animal Welfare and Research Committee under the approved protocol 17702.
Activated T cells were retrovirally transduced with NFAT-GFP or NFAT-mCherry using Platinum-Eco cell-derived supernatants. Platinum-Eco cells (Cell Biolabs, San Diego, CA) were transfected with the desired plasmid using linear, polycationic polyethylenimine (Sigma-Aldrich) or Lipofectamine 2000 (Thermo Fisher Scientific). After 24 to 48 hours, retrovirus-containing supernatant was used to spinfect T cells in the presence of polybrene (4 mg/ml) on days 3 and 4 after activation. NFAT-GFP-positive cells were sorted using fluorescence-activated cell sorting based on viability and FP expression. The entire NFAT-GFP-positive population was used for imaging experiments; 0.5 million to 2 million cells were exposed to each bilayer.
Sample and bilayer assembly Glass-supported lipid bilayer membranes were prepared in imaging chambers and functionalized with proteins using standard protocols (9) . At 18 to 24 hours before imaging, MCC and variant peptides were loaded onto MHC II I-E K at 37°C in peptide-loading buffer [1% (w/v) bovine serum albumin (BSA) in PBS (pH 4.5) with citric acid]. Just before exposure to bilayers, dye-peptide-MHC complexes were purified using a 10,000-molecular weight cutoff spin concentrator (Vivaspin 500, GE Healthcare, Pittsburgh, PA).
Small unilamellar vesicles (SUVs) are formed using tip sonication with the composition of 98 mole percent (mol %) 1,2-dioleoyl-snglycero-3-phosphocholine and 2 mol % 1,2 dioleoyl-sn-glycero . SUVs in 2× TBS were introduced into the chambers, and bilayers were allowed to form through vesicle rupture for at least 30 min. After rinsing, the bilayer was activated with 100 mM NiCl 2 for 5 min. Samples were exchanged to a live T cell imaging buffer [LCB; 1 mM CaCl 2 , 2 mM MgCl 2 , 20 mM Hepes, 137 mM NaCl, 5 mM KCl, 0.7 mM Na 2 HPO 4 , 6 mM D-glucose, and 1% (w/v) BSA]. Immediately before imaging, the bilayer was incubated for 35 min with pMHC and ICAM-1 at appropriate concentrations (~100 nM) in LCB. The bilayer was rinsed with imaging buffer after the incubation, and the His-tagged/Ni-NTAbound proteins were allowed to equilibrate on the bilayer for 35 min. The resulting supported membranes typically display ICAM-1 at 100 to 200 mm −2 and pMHC at 0.1 to 2 mm −2
. The chamber was equilibrated to 37°C, and T cells resuspended in T cell imaging buffer were introduced. All imaging was done in 37°C.
Microscopy setup
All imaging experiments were performed on a motorized inverted microscope (Nikon Eclipse Ti-E; Technical Instruments, Burlingame, CA) with a motorized Epi/TIRF illuminator, a motorized Intensilight mercury lamp (Nikon C-HGFIE), and a motorized stage (MS-2000; Applied Scientific Instrumentation, Eugene, OR). A laser launch with 488-, 560-, and 640-nm diode lasers (Coherent OBIS, Santa Clara, CA) was aligned into a custom-built fiber launch (Solamere Technology Group Inc., Salt Lake City, UT). For TIRF imaging, laser illumination was reflected through the appropriate dichroic beam splitter (ZT488/ 647rpc, Z561rdc with ET575LP) to the objective lens [Nikon (1.47, numerical aperture; 100×), TIRF; Technical Instruments, Burlingame, CA]. RICM and epifluorescent excitation were filtered through a 50/50 beam splitter or band-pass filters (D546/10×, ET470/40×, ET545/30×, and ET620/60×). All emissions were collected through the appropriate emission filters (ET525/50M, ET600/50M, and ET700/75M) and captured on an EM-CCD (iXon 897DU; Andor Inc., South Windsor, CT). All filters were from Chroma Technology Corp. (Bellows Falls, VT). All microscope hardware was controlled using MicroManager (79) .
Imaging conditions
Single-molecule TIRF images are taken at the same power dosage, either by high laser illumination intensity (2.5 mW/cm 2 ) and short exposure time (20 ms) or by low laser illumination intensity (0.1 mW/cm 2 ) and long exposure time (500 ms). The illumination intensity for fraction bound measurements is set at 2.5 mW/cm 2 , and the exposure time is varied.
Initial cell contact was visualized as a small, dark feature in the RICM channel. Single-molecule TIRF images of long exposure time (500 ms) were collected every 3 to 10 s to localize single pMHC-TCR using a laser illumination intensity of 0.1 mW/cm 2 . Epifluorescence images of 150-ms exposure time were collected from the same cell every 50 s at 3 and 6 mm above the coverslip to monitor NFAT dynamics. Each cell was imaged for 20 to 60 min. For quantification of cell landing, images of bright field and RICM were sequentially acquired over more than 10 fields of view. Cells were hand-counted on the basis of complete detection in the field. Cells in bright field were not required to have contacted the substrate to be scored.
Most of the experiments used an NFAT-mCherry construct, paired with peptide-Atto647N ligands. To verify that the fluorescent protein and organic dye pair were not perturbative, a set of measurements with cells expressing NFAT-GFP and MCC-Atto565 ligand was performed. In this experiment, a supported membrane displaying 0.2 MCC-Atto565-MHC/mm 2 is exposed to T cells expressing NFAT-GFP. Image acquisition timing and order are identical to the NFAT-mCherry experiments, but the excitation for TIRF is 561 nm and for Epi is 488 nm.
Costimulation and inhibitor measurements
The murine costimulatory ligand CD80 (B7) protein was designed to be a recombinant, secreted, truncated ectodomain with a flexible linker and decahistidine tag. Cloning began with a synthetic, codon-optimized gene version that was then prepared in a baculovirus vector system (Invitrogen Bac-to-Bac Baculovirus Expression System). An insect cell expression system was used (Gibco High Five), and the recombinant proteinenriched supernatant was purified by affinity chromatography with Ni 2+ -NTA acid resin (Qiagen, Ni-NTA agarose). CD80 ligand was eluted in an imidazole-stepped gradient, followed by overnight dialysis in tris buffer with 10% glycerol. For experiments, bilayers were incubated with CD80 at concentrations to result in approximate surface densities of 100 to 300 molecules/mm 2 (10). For measurements with Lck inhibitor [4-amino-5-(4-phenoxyphenyl)-7H-pyrrolo[3,2-d]pyrimidin-7-yl-cyclopentane; Sigma-Aldrich], cells were incubated with the pharmacological agent (100 nM) for 15 min at 37°C, in complete media. After centrifugation, cells were resuspended in imaging buffer, in the presence of the drug, and added to an imaging chamber that was equilibrated with the inhibitor for 5 min before imaging.
Estimating APC agonist pMHC density Quantification of protein processing and MHC class II loading by APC shows that 200 to 80,000 molecules of a particular agonist pMHC are loaded per 10 6 to 10 8 molecules of all loaded MHCs (30, 31) , and the typical radius of an APC is~10 mm. Together, each APC is approximated to have 10 2 to 10 4 agonist pMHC molecules and an estimated density of 0.08 to 8 agonist pMHC molecules/mm 2 , assuming that pMHC molecules are monomeric and evenly mixed on the APC surface and that an APC is approximately spherical.
Imaging analysis
Single-molecule fitting and tracking were performed as previously described (9) . Briefly, single-molecule puncta of pMHC above a size and intensity threshold were identified using particle detection and tracking algorithm (80) adapted for MATLAB (MathWorks, Natick, MA) as described (81) . Single-molecule trajectories were verified using single-step unbinding determined impartially by a Bayesian change point detection algorithm (82) . The number and molecular dwell time distributions of the bound pMHC were extracted from the tracks and corrected for photobleaching using data for fluorescent pMHC on a bilayer acquired at the same imaging conditions (illumination power, exposure time, and frame rate).
NFAT translocation was determined by measuring the fluorescence intensity in the cytosol and nucleus. For each cell, the cytosol and nucleus were identified and masked off as different regions using the ISODATA thresholding method in the DIPImage toolbox (83) . All images with the masked regions were inspected. The time point at which the nuclear NFAT intensity is first detected to be above the background was set as the time point of initial NFAT translocation. The cumulative binding events is the sum of single-molecule-bound pMHCs that have been detected from cell landing to the point of initial translocation, as explained above, whereas the cumulative dwell time is the sum of the lifetimes of all bound pMHC over the same time period.
Fraction bound
The fraction of localized fluorescent ligands was quantified as previously described (10) . Briefly, the number of molecules localized and counted at a given exposure time was normalized to all ligands visualized in the same area using high illumination intensity and short exposure time. Fraction bound under the cell was normalized for cell contact area, detected by RICM.
Analysis of unseen binding events
For a given cell that is observed to accumulate N binding events with T total dwell time from landing to initial NFAT translocation, two types of binding events are not directly visualized: (i) those from pMHC ligands that are bleached before binding (dark events) and (ii) those shorter than the acquisition/time lapse interval (short events). For each cell, we estimate an offset of the mean number of binding events that are not directly detected (〈dN〉) and their integrated dwell time (〈dT〉)
assuming that the mean dwell time 〈dT dark 〉 ≪ time to activation. We are determining the term 〈N dark ∩ long 〉 to avoid double counting binding events that are both dark and short.
To account for the dark events (case 1), we consider that bleaching is a Poisson process in time. At illumination exposures of a given energy dose, the probability that a fluorescent pMHC is bleached after n illumination exposures is exponentially distributed p dark pMHC ðnÞ ¼ k bl e Àk bl n where k bl = 1/<number of exposures to bleach>. The fraction of bleached pMHC grows as a function of cumulative number of exposures
The number of dark binding events accumulated from the frame of landing (n land ) to the frame of activation (n act ) is the integral of the product of the pMHC-TCR binding probability (on-rate) and the fraction of bleached pMHCs Some dark binding events are classified as long, on the basis of the criterion that they dwell longer than imaging time lapse interval (t > int). The number of such events depends on the true dwell time distribution (determined from fitting observed data)
Àk off t dt
The number of short events (case 2) is estimated on the basis of the probability of short events relative to that of the long events. We define short events as events whose lifetimes are from 0.8 s [most probable to contribute to TCR signaling, based on (84) The offsets in binding number and dwell time from both types of unseen events are estimated for each cell ( fig. S13) . After applying the offsets to both cumulative binding events and dwell time to all cell data, we find that overall trends remain similar. Namely, neither cumulative binding events nor integrated dwell time is a convergent property of activating cells (Fig. 4 and fig. S12 ).
Spatiotemporal analysis
The spatiotemporal correlation analysis was implemented in MATLAB. Trajectories were filtered on the basis of spatial and temporal proximity criteria. Positions of all trajectories were defined as a function of time, where the positions of an existing trajectory and a new trajectory are p i (t) = (x i (t), y i (t)) and p j (t) = (x j (t), y j (t)) at time t, respectively. The time t o represents the time of the first localization of molecule. For each cell, the trajectories are defined as correlated for a time window t thres and spatial neighborhood radius 
Probability of long-dwelling events for physiological agonist pMHCs
We calculate the probability that a physiological pMHC-TCR binding event reaches the molecular, receptor level threshold of about 40 s, as determined from the spatiotemporal correlation analysis. The T102S pMHC-AND mean dwell time (<t off > = 9.6 s) is close to the physiological, population activation threshold of 3 s (2, 7). Assuming that pMHC-TCR unbinding follows simple, single exponential kinetics, the probability that a physiological agonist pMHC-TCR binding event dwells for 40 s is 0.02. This is much lower than the probability of 0.43 for long-dwelling MCC pMHC-AND interactions, arguing that single, long dwells are rare.
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